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Mutual solubilities of pyridinium-based tetrafluoroborates (namely, 1-butylpyridinium tetrafluoroborate,
1-butyl-2-methylpyridinium tetrafluoroborate, 1-butyl-4-methylpyridinium tetrafluoroborate, and 1-hexy-
lpyridinium tetrafluoroborate) and toluene were obtained at (298.15, 318.15, and 338.15) K. The data were
acquired by means of an experimental procedure utilizing gas chromatography and a gravimetric method.
The results show that the liquid-liquid equilibrium in the studied systems is strongly asymmetrical. While
the mole fraction solubility of the pyridinium-based ionic liquids in toluene ranges from 1.0 ·10-5 to 5.2 ·10-5,
the solubility of toluene in these ionic liquids varies from 0.318 to 0.579 in mole fraction. The experimental
data were correlated with a semiempirical equation. Parameters of the nonrandom two-liquid (NRTL) equation
were evaluated as well.

Introduction

Over the past decade, ionic liquids (ILs) have become one
of the fastest growing “green” media for chemists and engineers
because of their superb physicochemical properties. ILs are
organic salts, with negligible vapor pressure, and have high
thermal stability, with a wide temperature range for the liquid
phase, and properties adapted by changing cations and/or anions.
The applications of these remarkable salts in reactions and
extraction processes have been extensively investigated and
reviewed. Interest in the use of ILs to replace volatile solvents
in industrial processes has increased greatly in recent years.1,2

To be able to competently substitute commonly used solvents
by ILs, a good performance of estimation methods for activity
coefficients will be required. The estimation methods based on
interaction parameters of functional groups require experimental
data on phase equilibria for mixtures of compounds having
various functional groups. For these reasons, monofunctional
benzene derivates are important, as they form the structure of
many pharmaceuticals.

A bibliographic search of solubility data for all binary systems
containing toluene and any IL was carried out. Data were found
for the following ILs: 1-butyl-4-methylpyridinium tetrafluo-
roborate ([b4mpy][BF4]),

3 1-butyl-3-methylimidazolium tet-
rafluoroborate ([bmim][BF4]),

4,5 1-hexyloxymethyl-3-methyl-
imidazolium tetrafluoroborate ([C6H13OCH2mim][BF4]),

6 1-ethyl-
3-methylimidazolium hexafluorophosphate ([emim][PF6]),

7

1-butyl-3-methylimidazoliumhexafluorophosphate([bmim][PF6]),
4,7,8

1,3-dimethylimidazolium methylsulfate ([mmim][CH3SO4]),
3,9

1-butyl-3-methylimidazolium methylsulfate ([bmim][CH3SO4]),
3,9

1-ethyl-3-methylimidazolium ethylsulfate ([emim][C2H5SO4]),
3,10

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([emim][Tf2N]),11 1-hexyloxymethyl-3-methyl-imidazolium bis-
(trifluoromethylsulfonyl)imide ([C6H13OCH2mim][Tf2N]),6 eth-

yl(2-hydroxyethyl)dimethylammonium bis(trifluomethylsulfonyl)-
imide(C2NTf2),

121-ethyl-3-methylimidazoliumbis(trifluoromethyl-
sulfonyl)amide ([C2mim][NTf2]),

13 (benzyl)dimethylalkyl am-
monium nitrate ([BA][NO3]),

14 1-butyl-3-methylimidazolium
thiocyanate ([bmim][SCN]),15 1-butyl-4-methylpyridinium to-
sylate (p-toluenesulfonate) ([b4mpy][TOS]),16 1-ethyl-3-meth-
ylimidazolium triiodide ([emim][I3]),

17 and 1-butyl-3-methylim-
idazolium triiodide ([bmim][I3]).

17 Figure 1 shows a great
variability in miscibility of the mentioned ILs with toluene. The
bibliographic search revealed discrepancies in all published data
for the same particular systems. It also can be seen that this
type of binary system has not been studied systematically.
Solubility data are often available only for the IL-rich phase.
In some cases, zero values for solubility of ILs in toluene are
given in publications. No systematic measurement for the

* Corresponding author. Address: Department of Physical Chemistry,
Institute of Chemical Technology, Prague, Technická 5, 166 28 Praha 6,
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Figure 1. Literature solubility data in systems containing toluene and an
IL: 4, [b4mpy][BF4];3 #, ], [bmim][BF4]4,5 open right-pointing triangle,
[C6H13OCH2mim][BF4];6 [, [emim][PF6];7 Ã, 9, Q, [bmim][PF6]4,7,8 g,
K, [mmim][CH3SO4]3,9 O, 1, [bmim][CH3SO4]3,9 2, solid left-pointing
triangle, [emim][C2H5SO4]3,10 solid right-pointing triangle, [emim][Tf2N];11

3, [C6H13OCH2mim][Tf2N];6 y, C2NTf2;12 0, [C2mim][NTf2];13 f,
[BA][NO3];14 diamond with vertical line, [bmim][SCN];15 open left-pointing
triangle, [b4mpy][TOS];16 b, [emim][I3];17 diamond with cross, [bmi-
m][I3].17
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systems of pyridinium-based tetrafluoroborates + toluene was
found in literature. For these reasons, this work deals with the
experimental determination of the mutual solubilities of those
ILs and toluene and presents new solubility data for 1-butylpy-
ridinium tetrafluoroborate ([bpy][BF4]), 1-butyl-2-methylpyri-
dinium tetrafluoroborate ([b2mpy][BF4]), 1-butyl-4-methylpy-
ridinium tetrafluoroborate ([b4mpy][BF4]), and 1-hexylpyridinium
tetrafluoroborate ([hpy][BF4]) at (298.15, 318.15, and 338.15)
K.

Experimental Section

Chemicals and Apparatus. Specifications of chemicals used
in this work are given in Table 1. Water content was determined
by the Karl Fischer titration using an automatic buret and
titration controller from Mettler (DL-18) or Schott. Densities
were measured by an Anton Paar DMA 58 vibrating-tube digital
densimeter. The working temperature of the densimeter was
controlled within ( 0.01 K. The instrument was calibrated with
several liquids.23 For samples with low viscosity, the uncertainty
of density measurements was ( 2 ·10-5 g · cm-3. Since no
viscosity correction was applied, the uncertainty of the IL density
measurement was estimated to be ( 3 ·10-4 g · cm-3. Because
of the highly hygroscopic nature of ILs, all main manipulations
with them were performed in a drybox.

Procedures. Mutual solubility data for above-mentioned ILs
and toluene were acquired using a direct analytical method,
which consisted of a direct analysis of the conjugated phases.
Heterogeneous mixtures for sampling were prepared in a
thermostatted equilibrium cell. The liquid mixture was thermo-
statted to the required temperature (( 0.1 K), agitated for at
least 5 h, and then left to stand for at least 3 h to allow the two
phases to separate. Samples taken from the both liquid phases
were then analyzed. The analysis of the IL-rich phase was
carried out by means of gas chromatography. Determination of
the IL content in the toluene-rich phase was performed gravi-
metrically using an analytical balance and a rotary evaporator.

Gas Chromatography. An Agilent 6890N gas chromatograph
with a flame ionization detector (FID) was employed to carry
out the GC analyses. To determine the content of toluene in
the IL-rich equilibrium phase, an HP-5 cross-linked (5 % phenyl-
methylpolysiloxane) capillary column (30 m × 0.32 mm × 0.25
µm) was used with the temperature program of 70 °C for 2
min, (70 to 180) °C at 25 °C ·min-1, 180 °C for 1 min, and
split (50:1) mode injection. To prevent the IL from getting into
the column, a short guard column was used before the column.
The chromatograph was calibrated with methanol solutions of
known compositions of toluene and benzene, which was utilized
as the internal standard. The obtained data were then used for
the evaluation of calibration equations. The samples taken from
the cell were diluted with methanol to adjust their compositions
approximately to those of calibration mixtures. Three samples
were prepared from each liquid phase, and each sample was
analyzed five times. From the GC analyses of the calibration

mixtures and from the repeatability of the measurements, the
mole fraction uncertainty of the results was estimated to be (
0.015.

GraWimetric Method. The nonvolatility of ILs was exploited
for the determination of their solubilities in toluene. A known
amount of the sample taken from the toluene-rich phase was
loaded into a small (25 mL) round-bottom flask which was then
connected to a rotary evaporator. Toluene was evaporated from
the sample at 330 K under vacuum until it reached a stable
weight. The flask with the nonvolatile residue was disconnected
from the evaporator and weighed. To avoid possible absorption
of air humidity, the vacuum apparatus was filled with dry
nitrogen before disconnecting the flask. On the basis of simple
mass balance, the composition of an IL in the toluene-rich phase
was calculated. Measurements at each temperature were repeated
three times. The mole fraction uncertainty of the results was
estimated to be ( 0.5 ·10-5.

Results and Discussion

Mutual solubility data for the ILs [bpy][BF4], [b2mpy][BF4],
[b4mpy][BF4], and [hpy][BF4] with toluene were obtained at
(298.15, 318.15, and 338.15) K. The experimental data in both
mole and mass fractions are listed in Table 2. The corresponding
liquid-liquid equilibrium diagram is given in Figure 2. Solubili-
ties of the studied ILs (x′1) in toluene are very low. They were
found to be slightly increasing with temperature. Contrary to
that, the solubility of toluene in the mentioned ILs (i.e., the
value x2′′ ) 1 - x1′′) is high and decreasing with temperature.
This trend was confirmed by the experiment: a heterogeneous
mixture of [b4mpy][BF4] + toluene was prepared in a thermo-
statted specimen tube, brought to equilibrium at (298.15, 318.15,
and 338.15) K, and then quickly heated up or cooled down.

Table 1. Manufacturer, Density G at T ) 298.15 K, Purity ω, and Water Mass Fraction ω(H2O) of the Compounds Used

F (298.15 K)/g · cm-3 GC puritya

compound manufacturer this work literature data 100 ω 100 ω(H2O)

[bpy][BF4] Iolitec 1.2140 1.214418 99 0.020
[b2mpy][BF4] Iolitec 1.2025 1.2013819 99 0.033
[b4mpy][BF4] Iolitec 1.1831 1.182720 99 0.025
[hpy][BF4] Iolitec 1.1548 1.15421 99 0.035
toluene Fluka 0.86227 0.8621922 99.7 0.020
benzene Aldrich 0.87340 0.8736022 99.8 0.024

a Declared by the manufacturer.

Table 2. Conjugated-Phase Mole and Mass Fractions for the
Systems [bpy][BF4], [b2mpy][BF4], [b4mpy][BF4], [hpy][BF4], and
Toluene

T toluene-rich phase IL-rich phase

K x1′ w1′ x1′′ w1′′
[bpy][BF4] (1) + Toluene (2)

298.15 1.0 ·10-5 2.5 ·10-5 0.680 0.837
318.15 1.3 ·10-5 3.2 ·10-5 0.682 0.839
338.15 1.5 ·10-5 3.5 ·10-5 0.676 0.834

[b2mpy][BF4] (1) + Toluene (2)
298.15 1.6 ·10-5 4.0 ·10-5 0.628 0.813
318.15 2.8 ·10-5 7.1 ·10-5 0.643 0.823
338.15 3.5 ·10-5 8.9 ·10-5 0.661 0.834

[b4mpy][BF4] (1) + Toluene (2)
298.15 4.1 ·10-5 1.0 ·10-4 0.525 0.740
318.15 4.7 ·10-5 1.2 ·10-4 0.543 0.754
338.15 5.2 ·10-5 1.3 ·10-4 0.554 0.762

[hpy][BF4] (1) + Toluene (2)
298.15 2.8 ·10-5 7.6 ·10-5 0.421 0.665
318.15 2.8 ·10-5 7.6 ·10-5 0.441 0.683
338.15 1.3 ·10-5 8.5 ·10-5 0.453 0.693
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During cooling down no turbidity ever appeared, while on
heating up turbidity always appeared in the IL-rich phase.

The mole fraction solubility of the pyridinium-based ILs in
toluene ranges from 1.0 ·10-5 to 5.2 ·10-5; the solubility of
toluene in these ILs varies from 0.318 to 0.579 in mole fraction.
The obtained results on the solubility of toluene in [b4mpy][BF4]
can be compared with data published by Meindersma et al.3

The comparison confirmed the temperature trend of the solubil-
ity. Both sets of experimental data, however, differ by about
0.05 in mole fraction. Discrepancies of experimental data in
similar systems (listed in the Introduction) were found to be
quite frequent. They are probably caused by the presence of
different amounts of water in each particular measured system.

The correlations of the temperature dependence of the mole
fraction solubilities of ILs in toluene (x1′) and toluene in ILs
(x2′′ ) 1 - x1′′) were performed by means of the equations

ln x1′ ) A' + B'
T/K

(1)

ln x2′′ ) A'' + B''
T/K

(2)

The calculated parameters A′, B′, A′′, and B′′ are summarized
in Table 3.

Besides eqs 1 and 2, the nonrandom two-liquid (NRTL)
model was used for the thermodynamic descriptions of the
studied systems. The NRTL parameters were employed in the
form

τ12 )
a12

T
(3)

τ21 )
a21

T
(4)

Table 3 summarizes the values of a12 and a21 for nonrandomness
parameter R ) 0.2.

Conclusion

Liquid-liquid equilibrium data were measured for pyri-
dinium-based tetrafluoroborates (namely, 1-butylpyridinium
tetrafluoroborate [bpy][BF4], 1-butyl-2-methylpyridinium tet-
rafluoroborate [b2mpy][BF4], 1-butyl-4-methylpyridinium tet-
rafluoroborate [b4mpy][BF4], and 1-hexylpyridinium tetraflu-
oroborate [hpy][BF4]) and toluene. The results show that the
liquid-liquid equilibrium in the studied systems is strongly
asymmetrical. It was found that the structure of the cation only

has a little effect on the solubility of the mentioned ILs in
toluene. The solubility is very low in all cases. On the other
hand, the solubility of toluene in the ILs is notably increasing
with the increasing number of carbon atoms in the alkyl chain
attached with the pyridinium ring. In molecules where the
number of carbon atoms is the same the solubility is higher for
the para position of the methyl group than for its ortho position.
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